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BK channels; colon; patch clamp; potassium secretion ALTHOUGH THE APICAL K ϩ permeability and K ϩ secretory capacity of normal human colon are relatively small (15, 24) , recent studies suggest that the increased activity and/or expression of high-conductance apical K ϩ (BK) channels may play an important role in mediating enhanced colonic K ϩ secretion in several diseases. Thus increased colonic K ϩ secretion in patients with end-stage renal disease is associated with increases in both the barium-sensitive luminal (apical) K ϩ permeability and apical BK channel expression along the surfacecrypt axis (24) . Furthermore, severe K ϩ secretory diarrhea resulting in profound hypokalemia has been described in colonic pseudo-obstruction (38, 46) . Some enteric pathogens may also enhance colonic K ϩ secretion by activating kinase-regulated apical K ϩ channels. Activation of cAMP-dependent protein kinase A (PKA) in acute cholera is likely to stimulate colonic K ϩ secretion, in addition to small intestinal Cl Ϫ and water secretion (41) . Similar PKA-dependent increases in colonic K ϩ secretion probably occur in other enteric infections,
including Clostridium difficile colitis (13, 20, 26) . cAMPmediated colonic K ϩ secretion may therefore contribute to excessive stool K ϩ losses in infective diarrhea, and highconductance apical K ϩ (BK) channels in surface cells of human colon (31) are a possible target for PKA-mediated protein phosphorylation.
The level of channel protein phosphorylation reflects a balance between protein kinase and phosphoprotein phosphatase activities. In rat distal colon, inhibition of phosphoprotein tyrosine kinase prevents electrogenic Cl Ϫ secretion and attenuates the K ϩ conductance elicited by carbachol (10) . On the other hand, stimulation of phosphoprotein tyrosine phosphatase (possibly linked to inhibitory G protein) is a critical event in the antiproliferative effect of somatostatin (SOM) in both pancreatic and colonic cancer cells (21, 27, 47) . A similar mechanism may underlie the antisecretory action of SOM. SOM and its synthetic analog octreotide, which is used clinically as an antidiarrheal agent, suppress basolateral intermediate conductance, Ca 2ϩ -dependent (IK) channel activity (a critical component of the Cl Ϫ secretory process) in human colonic crypts in an inhibitory G protein-dependent manner (32) . This raises the question of whether SOM has a similar effect on apical BK channel-mediated K ϩ secretion in human colon and, if so, whether it is mediated by a phosphoprotein phosphatase.
There is increasing evidence that apical BK channels have a pivotal role in K ϩ secretion in colonic epithelia. Distal colonic K ϩ secretion is abolished by iberiotoxin, a specific BK channel blocker (25) , and is entirely absent in BK channel knockout mice (34) . Immunohistochemical studies have localized BK channels to the apical membrane in crypt cells (34) and surface cells (12, 29) in mouse colon, as well as surface cells in human colon (31) . Patch-clamp techniques have also identified BK channels at low abundance in the apical membrane of surface cells from rat (8) and human (31) distal colon under basal conditions, and here we describe their use to evaluate the regulation of apical BK channels in these epithelia by PKA and SOM.
METHODS

Isolation of rat surface colonocytes.
Previous studies have shown that apical BK channels are present at low abundance in normal rat distal colon, whereas the prevalence of these channels is greatly increased when animals are fed a K ϩ -enriched diet (8) . Since the fundamental characteristics of the BK channels were unaffected by chronic dietary K ϩ loading, we used this model of enhanced apical BK channel expression throughout the present study.
Male Wistar rats weighing 200 -250 g were fed a paste chow diet supplemented with KCl (20 g per day; 1.6 mmol K ϩ /g; "K ϩ -loaded" animals) for 10 -14 days and allowed access to tap water ad libitum. Animals were killed by inducing CO 2 narcosis prior to dislocation of the neck. These animal procedures were approved by the UK Home Office. Segments of distal colon (4 cm) were removed from just above the pelvic brim. Single-surface colonocytes were isolated from distal colon by a modified Ca 2ϩ chelation technique (42) . Colonic segments were flushed with an ice-cold solution containing (in mmol/l) 154 NaCl, 10 glucose, and 0.5 dithiothreitol, opened longitudinally, and incubated (30 min at room temperature) in 30 ml of a solution containing (in mmol/l) 30 NaCl, 5 Na2EDTA, 8 HEPES, and 0.5 dithiothreitol, buffered to pH 7.6 with 1 mol/l Trizma base. Colonocytes were released by gentle shaking at 10 min intervals, isolated by centrifugation (600 g for 5 min), and resuspended for 5 min in 25 Patch-clamp recording. Single-channel recordings were obtained in cell-attached and excised inside-out configurations (14) from the cell membrane of isolated surface colonocytes (rat colon) and from the apical membrane of surface cells around crypt openings (human colon). Although isolated colonocytes were nonpolarized, previous studies have shown that dietary K ϩ increases the abundance of BK channels originating from the apical pole of the cell (8) . In all of the protocols described, data from each experiment were obtained from a different animal or patient.
Fiber-filled borosilicate patch pipettes were prepared to give tip and membrane seal resistances of 5-10 M⍀ and 10 -15 G⍀, respectively (8) . The bath solution contained (in mmol/l) 140 NaCl, 4.5 KCl, 1.2 CaCl 2, 1.2 MgCl2, 5 glucose, 5 Na ϩ butyrate, and 10 HEPES buffered to pH 7.4 with 1 mol/l NaOH. The pipette solution contained (in mmol/l) 145 KCl, 1.2 CaCl 2, 1.2 MgCl2, and 10 HEPES buffered to pH 7.4 with 1 mol/l KOH. Experiments were done at 20 -22°C rather than at 37°C to maintain viability (43) . Membrane patches were voltage clamped via the patch-clamp amplifier (EPC-7, List Electronics). Single-channel currents were recorded for 30 s and stored on videotape after pulse-code modulation (PCM 701ES, Sony). Stored currents were low-pass filtered at 750 Hz and loaded into computer memory via a DigiData 1200 interface system (Axon Instruments) at a sampling frequency of 2.5 kHz by use of pClamp software (version 5.1, Axon Instruments). Single-channel open probability (P o) was determined by using an analysis program written in Quick Basic 4.0 (Microsoft). Transitions between the fully closed and fully open current levels occurred when the current crossed a threshold set midway between these two states. Single-channel P o was calculated as Po ϭ (¥ntn)/N, where N is the maximum number of channels seen to be open simultaneously during 30 s of recording under a specific set of experimental conditions (verified by the number of peaks on current amplitude histograms generated during single-channel analy- Reagents. Forskolin, 3-isobutyl-1-methylxanthine (IBMX), and PKA catalytic subunit (isolated from the regulatory subunit of the enzyme in bovine heart) were from Calbiochem. ATP, SOM, pertussis toxin (PTX), okadaic acid (a potent and specific inhibitor of type 1 and type 2A protein phosphatases), sodium orthovanadate (an inhibitor of phosphoprotein tyrosine phosphatase), and potassium bisperoxo(1,10-phenanthroline) oxovanadate(V) (BpV, a 1,000-fold more potent inhibitor of phosphoprotein tyrosine phosphatase than sodium orthovanadate) were from Sigma-Aldrich. All but the PKA catalytic subunit were dissolved in dimethylsulfoxide (DMSO) and kept as stock solutions at Ϫ20°C. The final concentration of DMSO in the bath solution was Ͻ0.01%. The PKA catalytic subunit was stored at Ϫ70°C and added directly to the bath.
Statistical analysis. Results are shown as means Ϯ SE. Comparisons were made using Student's t-test for paired data and ANOVA where appropriate, P Ͻ 0.05 indicating a statistical difference between means.
RESULTS
BK channel activation by cAMP in rat colonocytes.
The effect of PKA on BK channel activity was studied in cellattached patches using 50 mol/l forskolin and 5 mmol/l IBMX to increase intracellular cAMP concentration. This elicited variable changes in channel activity after 10 min (Fig. 1A) . Pooled data from seven patches indicated that forskolin and IBMX increased P o from 0.41 Ϯ 0.15 to 0.79 Ϯ 0.08 (P Ͻ 0.05). Figure 1B shows an example of BK channel activation in an initially quiescent patch, whereas no response was seen in other quiescent patches not exposed to forskolin and IBMX (data not shown). The linear current-voltage relationship of this activated channel indicated a single-channel conductance of 135 pS (Fig. 1C) . After excision of this patch into the insideout configuration and changing the bath solution to the high-K ϩ pipette solution, the estimated single-channel conductance was 210 pS, as previously reported (8) .
BK channel activation by PKA catalytic subunit in rat colonocytes. To further elucidate the regulatory role of PKA on BK channels, PKA catalytic subunit (final concentration 200 U/ml) and ATP (final concentration 100 mol/l) were added to the "cytosolic" side of excised inside-out patches from single colonocytes. There was a variable response in BK channel activity after 10-min exposure to the PKA catalytic subunit ( Fig. 2A) , similar to that seen when forskolin and IBMX was added to cell-attached patches. Pooled data from 10 patches (Fig. 2B ) indicated that the PKA catalytic subunit stimulated BK channel activity after 5 min, although the increase in P o from a basal level of 0.37 Ϯ 0.11 was only significant after 10 min (to 0.64 Ϯ 0.08, P Ͻ 0.05) and remained so after 15 min. Together with the response to forskolin and IBMX in cellattached patches, these results support the view that cAMPdependent PKA has a direct stimulatory effect on apical BK channels present in surface colonocytes from rat distal colon.
BK channel inhibition by SOM in rat colonocytes. Adding 2 mol/l SOM to the bath inhibited BK channels in seven cell-attached patches, P o decreasing from 0.76 Ϯ 0.08 to 0.10 Ϯ 0.01 after 30 min (P Ͻ 0.001; Fig. 3A ). Half-maximal inhibition occurred after ϳ17 min (Fig. 3A) and maximal inhibition occurred after 25 min; data from a representative experiment are shown (Fig. 3, B and C) .
Most of the effects of SOM involve its interaction with G protein-coupled receptors. The bacterial toxin PTX promotes ADP-ribosylation of a cysteine residue on the G protein ␣-subunit, uncoupling it from its receptor and preventing its activa- tion (49) . Colonocytes were preincubated with PTX (200 ng/ml) for 18 -24 h. Whereas PTX had no effect on basal (t ϭ 0) BK channel activity [P o ϭ 0.85 Ϯ 0.05 with PTX compared with 0.76 Ϯ 0.08 without PTX, P ϭ not significant (NS)], it completely prevented the inhibitory effect of SOM on channel activity seen in colonocytes not pretreated with PTX (n ϭ 5 in both groups; Fig. 4) , indicating the critical role of G proteincoupled receptors.
Role of serine/threonine protein phosphatases in SOMinduced BK channel inhibition in rat colonocytes. In rat pituitary cells, SOM activates BK channels by stimulating protein phosphatase 2A (48) . In rat colonocytes, where SOM inhibited BK channels, it is feasible that SOM stimulated protein phosphatase activity, resulting in channel protein dephosphorylation. This was examined by using okadaic acid, a potent and specific inhibitor of serine/threonine protein phosphatases type 1 and type 2A (6) . In six cell-attached patches tested, pretreatment with 10 mol/l okadaic acid for 15 min had no effect on basal (t ϭ 0) BK channel activity (P o ϭ 0.78 Ϯ 0.12 with okadaic acid compared with 0.89 Ϯ 0.04 without okadaic acid, P ϭ NS; Fig. 5A ). Addition of 2 mol/l SOM in the presence of okadaic acid decreased P o to 0.16 Ϯ 0.09 (P Ͻ 0.05) after 30 min (Fig. 5A) , the magnitude and time course of this inhibition being similar to that with SOM alone (Fig. 3A) . Recordings from a representative experiment are shown (Fig.  5B) . Thus, in rat colonocytes, serine/threonine protein phosphatases type 1 and type 2A play little or no part in the regulation of basal BK channel activity or in the mediation of SOM's inhibitory effect on these channels.
Role of phosphoprotein tyrosine phosphatase in SOM-induced BK channel inhibition in rat colonocytes. A complex interplay between protein tyrosine kinases and phosphoprotein tyrosine phosphatases regulates ion channels by modulating the phosphorylation state of specific tyrosine residues in channel proteins (37) . Increased phosphoprotein tyrosine phosphatase activity has been implicated in the antiproliferative action of SOM (21, 23) . The possibility that SOM activated phosphoprotein tyrosine phosphatases, thereby dephosphorylating the BK channel or an associated regulatory protein, was addressed using Na ϩ orthovanadate, a nonspecific inhibitor of phosphoprotein tyrosine phosphatase activity (44) . In all six cellattached patches, pretreatment with 100 mol/l Na ϩ orthovanadate for 15 min had no effect on basal (t ϭ 0) BK channel activity (P o ϭ 0.61 Ϯ 0.08 with Na ϩ orthovanadate compared with 0.53 Ϯ 0.09 without Na ϩ orthovanadate, P ϭ NS; Fig. 6A ). However, pretreatment with Na ϩ orthovanadate prevented SOM's inhibitory effect on BK channel activity (Fig. 6A) , and recordings from a representative experiment are shown (Fig. 6B) . Additional experiments with 10 mol/l BpV, which has a 1,000-fold higher potency than Na ϩ orthovanadate (5), indicated that in all six cell-attached patches, pretreatment with 10 mol/l BpV for 15 min had no effect on basal (t ϭ 0) BK channel activity (P o ϭ 0.72 Ϯ 0.1 with BpV compared with 0.70 Ϯ 0.11 without BpV, P ϭ NS; Fig. 6A ) but prevented the inhibitory effect of SOM on these channels (Fig. 6, A and  C) . Thus, although phosphoprotein tyrosine phosphatases appear to have no role in regulating basal BK channel activity in surface colonocytes, they are required for SOM's inhibitory effect, which strongly suggests that tyrosine dephosphorylation of the channel or an associated regulatory protein is an important component of SOM's mode of action.
Apical BK channel inhibition by SOM in human colon. We have previously identified BK channels at low abundance in cell-attached patches on the apical membrane of surface cells surrounding the openings of intact crypts from human colon (31) . These apical BK channels have similar characteristics to those in the apical membrane of surface cells in rat colon (8) . We therefore performed experiments to determine whether SOM had an inhibitory effect on apical BK channels in human colon that was similar to that seen in rat colonocytes. The addition of 2 mol/l SOM to the bath solution decreased P o from 0.75 Ϯ 0.06 to 0.41 Ϯ 0.13 after 15 min (P Ͻ 0.02) in five cell-attached patches by using crypts from five different patients. In three patches where it was possible to maintain a high-resistance membrane seal, the inhibitory effect of SOM was reversed by washout. Thus the magnitude and time course of SOM's inhibitory effect on apical BK channels in human surface colonocytes was comparable not only to its effect on BK channels in rat surface colonocytes but also to its inhibitory effect on basolateral IK (23 pS) channels in human colonic crypt cells (32) . It seems extremely unlikely that the inhibitory effect of SOM on apical BK channels in human and rat colonocytes reflected inhibition of basal adenylate cyclase activity, since previous studies in human colonic crypts have shown that SOM had no effect on the basal intracellular cAMP level and produced only a modest (ϳ11%) decrease in the maximal level of intracellular cAMP in forskolin-treated crypts (32) .
DISCUSSION
The apical BK channels we describe are normally present mainly in surface cells in rat and human distal colon at relatively low density, but their basic biophysical properties (unitary conductance, K ϩ :Na ϩ selectivity, P o ) are identical in both epithelia (8, 31) . Interestingly, there appear to be significant species-related differences in the distribution of colonic BK channels. For example, in rabbit distal colon, surface cells were shown to contain a high number of BK channels, whereas they were virtually absent in crypt cells (16) . Furthermore, BK channels were present in both the apical and basolateral membranes, immunostaining indicating an apparently denser apical localization owing to the relatively small area of the apical membrane (16) . Studies directed at localizing apical BK channels in mouse distal colon have provided conflicting results; in one, apical BK channels were located in crypt cells but not surface cells (34) , whereas others have identified apical BK channels in surface cells but not crypt cells (12, 29) . Nevertheless, hyperaldosteronism secondary to dietary K ϩ enrichment enhances electrogenic K ϩ secretion across mouse distal colon and increases the expression of both BK channel ␣-and ␤ 2 -subunit mRNAs and apical BK channel protein in colonic crypts (40) . Because apical BK channels are likely to contribute to enhanced intestinal K ϩ losses in secretory diarrheal diseases (1, 7), our aim was to study the effect of increasing intracellular cAMP (a potent intestinal secretory agonist) and SOM (a potent inhibitor of intestinal secretion) on apical BK channel activity. We facilitated data collection by first feeding animals a K ϩ -enriched diet, which increased the abundance of apical BK channels without altering their biophysical properties (8) .
cAMP-dependent PKA activates colonic BK channels. Apical BK channel activation by forskolin and IBMX provided the initial clue that cAMP-dependent phosphorylation of BK channel protein (or an associated protein) might be an important regulatory step. Stimulation of BK channels in excised insideout patches by the PKA catalytic subunit strongly suggests that channel activation involves direct protein phosphorylation of either BK channel protein per se or accessory protein(s). Although the variable responses to PKA could reflect different degrees of phosphorylation under basal conditions, alternative mRNA splicing in the mouse BK channel ␣-subunit generates different splice variants that are either activated (e.g., ZERO, e20, e22) or inhibited (e.g., STREX) by cAMP-dependent PKA (9) . BK channel regulation by PKA may also be affected by the differential expression of BK channel ␤-subunits, since PKA stimulated channel activity in HEK293 cells expressing the human BK channel ␣-subunit but decreased channel activity when the ␣-and ␤ 1 -subunits were coexpressed (11) . The existence of ␤ 1 -, ␤ 3 -, and ␤ 4 -subunits in whole colonic tissue (4) and distinct splice variants of the ␣-subunit, as well as other regulatory proteins (50) , raises the possibility that BK channels with varying composition and responsiveness to PKA-mediated phosphorylation may be present in colonic epithelia.
Role of phosphatases in SOM-induced BK channel inhibition. SOM inhibits basolateral IK channels in human colonic crypt cells, thereby reducing electrogenic Cl Ϫ secretion (32) . We now show for the first time that SOM also inhibits apical BK channels in rat and human surface colonocytes. This is in direct contrast to the effect of SOM on rat pituitary neurosecretory cells, where it stimulates BK channels (48). Our experiments with PTX indicate that SOM receptors are coupled to at least one of the inhibitory G proteins in rat colonocytes, and G proteins have been identified in the apical membrane of HT-29cl.19A colon cells (45) . To identify a possible link between inhibitory G proteins and the apical BK channels in rat colonocytes, we used okadaic acid to inhibit serine/threonine protein phosphatases type 1 and type 2A. Okadaic acid has been shown to completely reverse PTX-sensitive SOM activation of BK channels in rat pituitary cells (48) , but we found that okadaic acid had no effect on either the basal or the SOMinduced decrease in BK channel activity, which suggests that neither serine/threonine protein phosphatase type 1 nor type 2A plays a part in SOM's inhibitory effect on BK channels in rat colonocytes.
The antiproliferative effects of SOM on human pancreatic cancer cells are linked to a substantial rise in phosphoprotein tyrosine phosphatase activity (21). SOM's antiproliferative effect did not occur in the presence of the nonhydrolyzable guanine nucleotide analog GDP-␤-S and was abolished by pretreatment with PTX, implying involvement of G proteins (27) . Furthermore, vanadate (a phosphoprotein tyrosine phosphatase inhibitor) prevented the antiproliferative action of SOM (27) , and similar results were obtained in colonic carcinoma cell lines (47) . Our studies show that Na ϩ orthovanadate (a nonspecific inhibitor of phosphoprotein tyrosine phosphatase) had no effect on basal BK channel activity but completely abolished the inhibitory effect of SOM on BK channels in rat colonocytes. However, at the concentration used (100 mol/l), Na ϩ orthovanadate also inhibits H (2), and some serine/threonine kinases and phosphatases (39) . In addition, vanadate mimics the effect of PTX on the G protein transducin (G T ), by dissociating the G␣ T and G␤␥ T subunits, thereby preventing G T interaction with rhodopsin and inhibiting GDP-GTP exchange (18) . G␣ T is also a member of the PTX-sensitive G protein family, and it is possible that Na ϩ orthovanadate could have a similar inhibitory effect on SOM receptor-coupled G protein, and consequently on SOM's ability to downregulate colonic BK channels. In additional experiments, we therefore evaluated BpV, a synthetic peroxovanadium derivative with a specific and 1,000-fold more potent inhibitory effect on phosphoprotein tyrosine phosphatase activity (28) , which is readily transported across the cell membrane and is ideal for use in cell-attached patches (39) . Although BpV also regulates other enzyme systems (e.g., extracellular signal-regulated kinase, ERK; mitogen-activated protein kinase phosphatase-1, MKP-1; insulin receptor kinase, IRK) (3, 28), we found that the effects of BpV were identical to those of Na ϩ orthovanadate, which provides a strong indication that phosphoprotein tyrosine phosphatase has a critical role in the inhibition of colonic BK channels by SOM.
If SOM inhibits colonic BK channels by stimulating phosphoprotein tyrosine phosphatase activity, it seems reasonable to assume that BK channel protein is tyrosine phosphorylated under basal conditions. Consistent with this view, the protein tyrosine kinase inhibitor genistein markedly decreased the carbachol-enhanced whole-cell K ϩ conductance in rat distal colonic crypts (10) . Since the stimulatory effect of carbachol on whole-cell K ϩ conductance probably reflected the activation of apical BK channels and basolateral Ca 2ϩ -activated IK channels (17) , protein tyrosine kinase(s) may phosphorylate and upregulate the activity of one or both of these types of K ϩ channel. As a corollary, it seems likely that phosphoprotein tyrosine phosphatase-mediated dephosphorylation is a critical event in SOM's inhibitory effect on apical BK channels and basolateral IK channels in colonic epithelia. It should be noted that at least five different SOM receptor isoforms exist in the rat gastrointestinal tract (19, 36) , and further studies are required to determine which isoforms are involved in the SOMinduced inhibition of apical BK channels in rat and human colon. 
BK channels and K
ϩ losses in secretory diarrheal diseases. Most cases of severe secretory diarrhea reflect the movement of Cl Ϫ ions via cAMP-activated apical Cl Ϫ channels (with the obligatory movement of water) into the intestinal lumen. In addition, high-volume diarrhea driven by excessive colonic K ϩ losses has been reported in colonic pseudo-obstruction (38, 46) . In one case, K ϩ movement into the colonic lumen was deemed to reflect an active secretory process based on the Nernst equation, using the lumen-negative transmucosal electrical potential difference of Ϫ13.9 mV and the high average fecal K ϩ concentration of 154 mmol/l (46) . In the other case, in which the fecal K ϩ concentration was also high (143 mmol/l), immunostaining indicated massive overexpression of apical BK channels throughout the surface-crypt axis (38) , consistent with increased active K ϩ secretion. Although cases such as these are uncommon, patients with active ulcerative colitis also exhibit increased apical BK channel expression along the entire surface-crypt axis (in contrast to noninflamed colon, where apical BK channels are mainly restricted to surface cells), which may at least partly account for the excessive K ϩ losses that often occur in this disease (31) . In cases of infective diarrhea, hypokalemia when it occurs reflects K ϩ losses across the "leaky" small intestinal epithelium, K ϩ moving passively into the lumen with the bulk flow of water.
The results of our study suggest that increased intestinal K ϩ losses in some common enteric infections may also have a significant colonic component and reflect cAMP-dependent PKA-mediated activation of apical BK channels (26, 41) . Furthermore, our data suggest that SOM peptides inhibit colonic apical BK channels through G protein-dependent, phosphoprotein tyrosine phosphatase-mediated dephosphorylation. If they inhibit basolateral IK channels in a similar manner (32) , the discovery of alternative phosphoprotein tyrosine phosphatase inhibitors may provide a new method for minimizing intestinal K ϩ as well as Cl Ϫ losses in patients with secretory diarrhea.
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